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Abstract 
Shoot branching or the outgrowth of axillary buds is a crucial aspect in the 
production and breeding of Chrysanthemum sp. The outgrowth of axillary buds is 
inhibited by the shoot apex through apical dominance. Central to this regulation is 
the interaction of the plant hormones auxin, cytokinin and strigolactone. In this 
research we aim to study the hormonal and genetic regulation of apical dominance 
and axillary bud outgrowth in a cut flower cultivar of Chrysanthemum. For this we 
combined measurements of axillary bud outgrowth with UPLC-MS/MS 
quantification of auxin and cytokinin levels and RT-qPCR analysis of two genes 
involved in the regulation of branching. The cultivar used displayed apical 
dominance during vegetative growth. A release from apical dominance occurs 
during floral initiation with outgrowth and elongation of shoots under the apex. The 
outgrowth of axillary buds after release from apical dominance was preceded by 
decreased auxin levels in the shoot apex, axillary buds and stem and increased 
cytokinin levels in the axillary buds. RT-qPCR showed a decreased expression of the 
local bud outgrowth regulator BRC1 preceding the release from apical dominance at 
the time of floral initiation. 
INTRODUCTION 
Chrysanthemum morifolium Ramat., also known as the florist’s chrysanthemum 
and the garden mum, is an economically important horticultural crop. A variety of shapes 
is available on the market, both as cut flower and potted plant. Shoot branching is a 
crucial factor in breeding and production of chrysanthemum for obtaining a desirable 
architecture. Shoot branching has a complex regulation. Externally, shoot branching is 
influenced by light, temperature nutrients and pruning; internally it is regulated by the 
interaction of plant hormones (Domagalska and Leyser 2011).  
Important in the control of axillary bud outgrowth is apical dominance, the control 
exerted by the vegetative shoot apex over the outgrowth of axillary buds (Cline, 1991). 
Removal of the shoot apex or transition to the generative growth stage releases apical 
dominance and allows lateral bud outgrowth. Central to the regulation of axillary bud 
outgrowth is the interaction of three classes of plant hormones: auxins, cytokinins and 
strigolactones. Auxins are the plant hormones, since long associated with apical 
dominance (Thimann et al., 1934). Auxins are produced by young expanding leaves at the 
shoot apex and transported  through the stem towards the roots. This polar auxin transport 
does not deliver tothe axillary buds, which indicates an indirect effect of auxin on axillary 
buds (Leyser, 2009). Auxin has been shown to up regulate strigolactone biosynthesis 
(Hayward et al., 2009). The strigolactones inhibit bud outgrowth directly (Waldie et al., 
2014) and also act together with auxins in inhibiting the axillary buds (Shinohara et al., 
2013). Auxins also downregulate cytokinin biosynthesis and upregulate cytokinin 
degradation. This decreases the cytokinin levels that are needed to promote bud 
outgrowth (Müller and Leyser, 2011) and to counteract the action of auxins and 
strigolactones in inhibiting axillary buds (Dun et al., 2012).  
The complex hormonal interactions of shoot branching regulation are directed by 
the activity of several genes involved in the homeostasis, transport and perceptions of the 
plant hormones. In chrysanthemum only a few regulatory genes have been described. IPT 
(isopentenyltransferase) is a key gene in cytokinin biosynthesis. Overexpression of the 
IPT gene in chrysanthemum induces an enhanced branching phenotype (Khodakovskaya 
et al., 2009). Branched1 (BRC1) is a local transcription factor in axillary buds. In 
chrysanthemum, high BRC1 expression was shown in inhibited axillary buds and the gene 
was downregulated in activated buds (Chen et al., 2013). Strigolactone regulating genes 
MAX4 and MAX2 and the lateral suppressor like (Lsl) gene have also been described in 
the analysis of shoot branching in chrysanthemum (Liang et al., 2010; Dong et al., 2013; 
Jiang et al., 2009).  
In this work we aim to study the regulation of axillary bud outgrowth in a 
chrysanthemum cut flower cultivar during the transition from vegetative to generative 
growth accompanied by a release from apical dominance. The change of endogenous 
hormones in apex and axillary buds during vegetative growth and floral transition has 
already been studied in chrysanthemum cut flower cultivars by Jiang et al. (2012). In this 
study, measurements of axillary bud outgrowth is compared with hormone measurements 
in apex, stem and axillary bud samples. Furthermore the expression of two genes involved 
in the regulation of branching, BRC1 and IPT3, is used to integrate the effects at the 
molecular level.  
 
MATERIAL AND METHODS 
Plant Material and growth conditions 
The Chrysanthemum morifolium cultivar used in this study is a split-type 
chrysanthemum. This means that the plant initiates floral transition at the shoot apex after 
forming a certain number of leaves during vegetative growth. 100 cuttings were rooted in 
trays for three weeks in May and June 2014. After rooting, the plants were put in 3L pots 
in standard potting soil and placed with 20 cm spacing under LD conditions in the 
greenhouse at 20°C in June. Two weeks after repotting measurements and sampling 
started in the first week of July. Axillary bud/shoot length and total plant height was 
measured weekly on 10 plants during 5 subsequent weeks, further referred to as week1, 
week2, week3, week4 and week5.  
Sampling Plant material 
The remaining 90  plants were sampled in week1 and in week2. At both dates 3 
replicated samples were taken, and each replicate consisted of 15 plants. In week1 the 
shoot apices, i.e. the top parts of the stem above the first fully unfolded leaf, were 
harvested. The 30 nodal positions under the apex were also sampled. For each nodal 
position the axillary buds and stems were sampled separately. In week2 the apices and 15 
nodal positions under the apex were sampled in the same way. The lateral buds below this 
zone had already grown out and were not sampled at week2. Samples were immediately 
frozen in liquid nitrogen and stored at -80°C. Samples were pooled based on the 
information of axillary bud outgrowth as shown in Figure 1. Nodal positions 37 to 31 
(Top week1 in fig.1.) were pooled together to represent inhibited axillary buds under 
apical dominance. Positions 30 to 16 in week 1 (Middle week1 fig.1.) contain axillary 
buds that are further removed from the shoot apex and show outgrowth. Positions 15 to 1 
(Bottom week1 fig.1.) represent bottom axillary buds inhibited by correlative inhibition of 
middle axillary buds. Nodal positions 45 to 42 (Top week2 fig.1.) were pooled because 
the buds in this section showed the strongest outgrowth after week 2. Nodal positions 41 
to 38 (Middle week2 fig.1.) were pooled because these buds showed a diminishing 
outgrowth after week 2 when compared to the nodal positions above them. Nodal 
positions 37 to 31 (Bottom week2 fig.1.) were pooled to represent buds that show 
inhibited outgrowth after week 2. Samples were ground in liquid nitrogen and separate 
samples were weighed for gene expression analysis (100mg/sample) and UPLC-MS/MS 
(50mg/sample) . 
 
Gene isolation and Gene expression analysis 
Genes involved in axillary bud outgrowth BRC1 (accession JX870411) and IPT 
(accession JQ711176) were isolated from Chrysanthemum morifolium. For gene 
expression analysis, RNA was extracted using a modified CTAB protocol (Luypaert et al, 
unpublished) and was converted to cDNA using the iScript cDNA Synthesis kit (Bio-
Rad). Expression of both branching genes was quantified using RT-qPCR according to 
De Keyser et al. (2013). Qbase+ software (Biogazelle) was used for all data analysis. 
Gene expression was normalised using 3 validated reference genes in stem samples 
(ACT2, ATUB, UBQ10; reference target stability 0,379) and 3 genes in apex and axillary 
bud samples (ATUB, UBC, EF1α; reference target stability 0,55).  
Hormone measurement 
Samples were extracted and analysed by means of UPLC-MS/MS for 
quantification of IAA and cytokinins according to Prinsen et al. (1995, 2000).  
RESULTS AND DISCUSSION 
Measurement of axillary bud outgrowth 
The total plant height (length from the base of the plant to the shoot apex ) was (in 
cm) 39,9±1,5; 53,1±1,5; 60,9±2,1; 61,0±2,2; 61,5±2,4 for week1, week2, week3, week4 
and week5, respectively. The measurements of axillary bud length are shown in Figure 1. 
During week1 and week2 plants grew vegetatively. During vegetative growth, the plant 
displayed apical dominance, represented by the short axillary buds at the higher positions 
near the apex in week1 (positions 37 to 31) and week2 (positions 45 to 38). The middle 
positions were less influenced by the apex and had longer axillary buds or outgrown 
shoots (30 to 16 for week1 and 37 to 16 for week2). The lower positions (15 to 1) showed 
less outgrowth as they were possibly inhibited by correlative inhibition due to the 
outgrowth of axillary buds above them, a pattern also observed by Chen et al., 2013 and 
mentioned in other species (Cline 1996; McSteen and Leyser., 2005). After week2, a 
transition to generative growth took place as the shoot apical meristem developed into an 
inflorescence meristem. At this transition new leaves and axillary buds were no longer 
initiated at the apex. During the generative growth from week 3 to week 5 a release from 
apical dominance was observed with a strong outgrowth of the axillary shoots under the 
apex (positions 47 to 42). The lower positions (41 to 38) showed less shoot growth, and 
the basal positions (37 to 1) had even more reduced growth . 
The observed axillary shoot growth of this chrysanthemum cultivar corresponds 
with a control of axillary bud outgrowth by apical dominance in the vegetative growth 
phase. This is evidenced by the inhibited growth of axillary buds under the apex, the more 
elongated buds in the middle of the stem and the inhibited outgrowth near the base of the 
plants. These patterns correspond with previous observations in chrysanthemum cut 
flower axillary bud growth (Jiang et al., 2012; Chen et al., 2013). The release of apical 
dominance by the transition to the generative growth phase is accompanied by growth of 
the axillary shoots directly under the apex. This pattern corresponds to the outgrowth of 
the first 10 axillary buds under the apex, aswas observed previously in chrysanthemum 
cut flower after loss of apical dominance by decapitation and floral transition (Chen et al., 
2013). 
Measurement of auxin (IAA) and cytokinin 
Auxin content in the shoot apex decreased by 60% from week1 to week2 
(Fig.2.A.). The IAA content has decreased significantly from week1 to week 2 in the top 
and middle part of the stem. The IAA content in the bottom stem has decreased less and is 
higher than in the top and middle part of the stem at week2. In axillary buds there was no 
remarkable decrease from week1 to week2 and IAA levels in the top axillary buds are 
higher than in the middle and bottom positions (data not shown). 
Cytokinin levels in the top stem part increased greatly from week1 to week2. 
Similarly, in the top axillary buds there was a cytokinin increase from week1 to week2 
(data not shown). 
We report here a high auxin content in the shoot apex and in the stem during the 
vegetative growth phase and a decrease of the auxin content preceding bud outgrowth 
after floral initiation. This corresponds with the hypothesis of an apical dominance where 
a high auxin production and transport from the vegetative shoot apex inhibits the 
outgrowth of axillary buds (Chatfield et al., 2000; Wang et al., 2006, Jiang et al., 2012). 
In the stem and in the axillary buds of nodal positions directly under the apex, an 
increased cytokinin content was observed at the transition to generative growth. This 
corresponded to a strong outgrowth after the release from apical dominance and is 
consistent with reports of an increased cytokinin content in upper axillary buds at the 
release from apical dominance (Geuns et al., 2001; Tanaka et al., 2006).  
Expression analysis of branching genes 
The relative expression values of BRC1 and IPT3 are given in Fig.3. for axillary 
buds and the shoot apex samples. In the axillary buds, BRC1 expression is increased from 
week1 to week2 in the bottom position , while the top and middle position show slightly 
decreased trend(Fig.3.A.). In the stem, BRC1 expression was lower in week2 compared to 
week1 in the top, middle and bottom positions (data not shown). The BRC1 expression 
profile in the axillary buds could indicate that BRC1 is down-regulated in the top axillary 
buds when they were released from apical dominance; this resulted in bud outgrowth after 
week2. The bottom axillary buds showed inhibited bud outgrowth after week2, 
correlating with a higher BRC1 expression. This corresponds with the previous reports of 
high expression in inhibited axillary buds and down-regulation in activated buds (Chen et 
al., 2013). The down-regulation of BRC1 coincides here with the IAA decrease from 
week1 to week2. This matches with BRC1 acting downstream from auxin in the inhibition 
of axillary bud outgrowth (Aguilar-Martinez et al., 2007). IPT3 showed low expression in 
shoot apex and top axillary buds compared to middle and bottom axillary buds (Fig. 3B). 
From week1 to week2 IPT3 expression decreased significantly. Similar IPT3 expression 
profiles were observed in stem samples (data not shown). With a decreased IPT3 
expression in axillary bud and stem samples from week1 to week2, one would expect a 
decreased cytokinin biosynthesis. However, increased cytokinin levels were measured in 
the top axillary buds and stem from week1 to week2. A possible explanation might be 
that other cytokinin biosynthetic genes beside IPT3 are more important in the cytokinin 
biosynthesis at the nodal positions. IPT1 and IPT2 for example are associated with 
increased cytokinin biosynthesis and cytokinin levels after decapitation of pea plants 
preceding bud outgrowth (Tanaka et al., 2006). 
 
CONCLUSIONS 
The transition from vegetative to generative growth in the studied chrysanthemum 
cut flower cultivar resulted in a release from apical dominance and the outgrowth of 
axillary buds under the apex. This outgrowth is preceded by a decreased auxin content in 
the shoot apex and stem, an increase in cytokinin content in the upper axillary buds and a 
decreased expression of BRC1. Additional to the results presented here we have done 
further work using measurements and samples of a different chrysanthemum cultivar. 
Furthermore we have expanded the expression analysis to include the MAX strigolactone 
biosynthesis and signalling genes and the Lsl gene.   
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Figures 
 
 
 
Figure 1. Axillary bud/shoot length of Chrysanthemum cultivar C17. Mean bud/shoot 
length (±SE; n=10) is shown for the nodal positions presented on the y-axis with 1 
being the node closest to the base of the plant.  For week1 and week2, the nodal 
positions for which samples of stem and axillary buds were pooled together for gene 
expression analysis and hormone measurement (Top week1, Middle week1, Bottom 
week1, Top week2, Middle week2, Bottom week2) are indicated.   
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Figure 2. Hormone measurement in week1 and week2. (A) the IAA content of the shoot 
apex and stem samples. (B) the total measured cytokinin content of the shoot apex and 
stem samples. Mean values (n=3) ± SE are indicated.  
   
Figure 3.  RT-qPCR expression analysis in week1 and week2. BRC1 (A) and IPT3 (B) 
expression in  axillary buds and shoot apex. Expression levels are given as CNRQ-
values (Calibrated Normalized Relative Quantities). Mean values (n=3) ± SE are 
indicated. 
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